Abstract The Capsicum genus is native to tropical America and consists of 27 species, five of which are used as fresh vegetables and spices: Capsicum annuum L., Capsicum chinense Jacq., Capsicum frutescens L., Capsicum baccatum L. and Capsicum pubescens R. et P. The study of the relationships among species of cultivate Capsicum species will be useful for breeding new cultivars or hybrids. This study is focused on the genetic diversity and relationships of these species that were collected in the Andean region. Ten microsatellites and four AFLP combinations were used to characterize 260 Capsicum accessions. The AFLP tree turned out to be informative regarding relationships among species. The data clearly showed the close relationships between C. chinense and C. frutescens. Moreover, C. cardenasii and C. eximium were indistinguishable as a single, morphologically variable species. Our data showed C. baccatum and C. praetermissum to be distinct species that form a compact group. In the present work, AFLP fingerprinting indicated that C. chacoense was placed in the C. baccatum complex and showed C. tovarii as a separate species. In addition, SSR data indicated that there is intraspecific differentiation in the species C. chinense, C. baccatum and C. pubescens, as the PCoA-based clustering showed a clear geographic division related to country. Even though Bolivia is considered to be the nuclear area for these species, we have found similar variability in Ecuador and Peru for several Capsicum species.
Introduction
The Capsicum genus is native to tropical America and consists of 27 species, five of which are used as fresh vegetables and spices: Capsicum annuum L., Capsicum chinense Jacq., Capsicum frutescens L., Capsicum baccatum L. and Capsicum pubescens Ruiz et Pavon. These species are of great economic importance and are the focus of multiple breeding programs (Nuez et al. 1996) .
While C. annuum and C. frutescens were domesticated in Mesoamerica, C. chinense, C. baccatum and C. pubescens were domesticated in South America (Pickersgill 2007) . The greatest genetic diversity of C. chinense, C. frutescens, C. baccatum and Electronic supplementary material The online version of this article (doi:10.1007/s10722-011-9744-z) contains supplementary material, which is available to authorized users.
V. P. Ibiza Á J. Blanca Á J. Cañizares Á F. Nuez (&) Instituto de Conservación y Mejora de la Agrodiversidad Valenciana (COMAV), Universidad Politécnica de Valencia, 8E CPI, Camino de Vera s/n, 46022 Valencia, Spain e-mail: fnuez@btc.upv.es C. pubescens is found in South America (Crosby 2008) . Mexico is the primary diversity center of C. annuum, with secondary centers in Central America, northern South America, India, the Mediterranean region and Southeast Asia.
Three complexes have been identified in the Capsicum genus: C. annuum, C. baccatum and C. pubescens. C. annuum, C. chinense, C. frutescens, their wild relatives and Capsicum galapagoensis Hunziker constitute the C. annuum complex. These species cross with ease (Onus and Pickersgill 2004) . In fact, several researchers have argued that C. chinense and C. frutescens should be considered the same species as they cross readily and are integrated into a morphological continuum (McLeod et al. 1979a; Pickersgill 1971; Walsh and Hoot 2001) . C. baccatum, Capsicum praetermissum Heiser et Smith and Capsicum tovarii Eshbaugh, Smith et Nickrent constitute the C. baccatum complex. The position of C. tovarii in this complex is not yet clear, but recent publications propose this inclusion (Tong and Bosland 1999; Moscone et al. 2007; Ince et al. 2010 ). The C. pubescens complex consists of C. pubescens, Capsicum cardenasii Heiser et Smith and Capsicum eximium Hunziker. Finally, the relationship of the wild species Capsicum chacoense Hunziker to these complexes is still unclear (Walsh and Hoot 2001; Tam et al. 2009 ).
In spite of their separation into different complexes and their apparent incompatibility, interspecific crosses have been tried in order to improve the production and quality of varieties (De Swart 2007) . For instance, C. annuum and C. baccatum belong to different complexes, but several assays to obtain viable hybrids have been carried out (Yoon et al. 2006) , and methods to obtain crosses between C. pubescens and C. annuum complexes have been proposed to overcome unilateral incompatibility (Pickersgill 1988; Zijlstra et al. 1991) .
It is necessary to develop strategies to provide information about diversity, to preserve and to use the potential of phytogenetic resources effectively in present and future breeding programs, establish conservation priorities and promote the efficient multiplication of germplasm collections. In addition, the conservation and preservation of germplasm diversity is very useful to prevent genetic erosion. The study of the diversity and relationships of Capsicum species also has agronomic relevance. C. chinense, C. frutescens, C. baccatum and C. pubescens are potential sources and have been used for C. annuum breeding related to resistance to diseases (Polston et al. 2006; Crosby 2008; Ibiza et al. 2010) , pests (Fery and Thies 1997) , cold tolerance (De Swart 2007 ) and nutritional quality (Zewdie and Bosland 2000) .
Molecular techniques allow the assessment of the genetic diversity within and between species and facilitate the selection of germplasm to be used for crossing in order to achieve breeding goals and broaden the genetic basis of the current cultivars. Moreover, molecular characterization is more reliable than morphological characterization in the Capsicum species. Morphological characters are often difficult to evaluate as most of them are under the influence of environmental factors (Ince et al. 2010 ).
Molecular markers have been explored in pepper by several research groups (Rodriguez et al. 1999; Lefebvre et al. 2001) . These have mainly allowed a better taxonomic assignment of accessions, the identification of duplicated accessions in germplasm banks and the analysis of the level of diversity for C. annuum (Geleta et al. 2005; Hanacek et al. 2009 ). In several studies, the genetic diversity of the Capsicum species was assessed in certain geographical areas, such as the Amazonas Department of Colombia or the Alta Verapaz Department of Guatemala (Toquica et al. 2003; Guzman et al. 2005) . Recently, genetic relationships and diversity within and between Capsicum species have been analyzed by using RAPD or LTRretrotransposons (Tam et al. 2009; Ince et al. 2010) . Ince et al. (2010) divided Capsicum accessions by genetic analysis into the different complexes and species, and Tam et al. (2009) identified clusters of C. annuum accessions that corresponded to cultivar types based on fruit shape, pungency, geographic origin and pedigree. Nevertheless, the distribution of genetic variability at the molecular level within C. chinense, C. frutescens, C. baccatum and C. pubescens has not been extensively studied, as all previous studies used a small number of accessions from a narrow range of distribution to represent each species. Thus, it is possible that potential intraspecific variation was inadequately sampled due to the sample sizes used in these works (Zuriaga et al. 2009a) . A study with a good accession representation is therefore necessary, as the role of intraspecific variation can be especially important in studying interspecific variation and genetic relationships among species. This study has explored the intraspecific and interspecific genetic variation of 260 accessions of C. annuum, C. chinense, C. frutescens, C. baccatum and C. pubescens throughout the Andean region in order to sample their genetic diversity. These countries, despite being the main diversification area of the studied species, received little attention in previous studies. The genetic relationships among these species are also discussed. In this study, two complementary molecular markers were chosen to study genetic relationships and variability: Amplified Fragment Length Polymorphisms (AFLPs) and Simple Sequence Repeats (SSRs). AFLPs have been proven to generate a high level of polymorphism in Solanaceae (Furini and Wunder 2004; Spooner et al. 2005; Blanca et al. 2007 ). Ten pepper-derived microsatellites (Minamiyama et al. 2006; Portis et al. 2007 ) were also used, as they are codominant, highly polymorphic and reproducible.
Materials and methods

Plant materials
In this study, 25 accessions morphologically classified as C. annuum, 65 as C. chinense, 46 as C. frutescens, 84 as C. baccatum and 40 as C. pubescens collected from family gardens from the Andean region were used. To show the relationships of these domesticated Capsicum species to their wild relatives, 10 accessions representing five closely related wild species (C. cardenasii, C. eximium, C. chacoense, C. praetermissum and C. tovarii) were also included. Of these, 241 accessions were collected by the Instituto de Conservación y Mejora de la Agrodiversidad Valenciana (COMAV, Spain) with the collaboration of the Universidad Nacional de Loja (UNL, Ecuador), the Universidad Nacional de Piura (UNP, Peru), the Universidad Nacional Agraria La Molina (UNAM, Peru), the Universidad Nacional de Trujillo (UNT, Peru), the Universidad Nacional Pedro Ruiz Gallo (UNPRG, Peru) and the Universidad Mayor de San Simón (UMSS, Bolivia). The rest of the accessions were provided by the United States Department of Agriculture (USDA, USA), the Center for Genetic Resources (CGN, The Netherlands) and the Radboud University of Nijmegen (RUN, The Netherlands). These accessions were chosen to cover a wide range of geographical origins in Ecuador, Bolivia and Peru (Online resource 1). For most included accessions, the altitude and geographic coordinates were known; the rest were approximately georeferenced using the collection site unless they were collected from food markets.
In this work the taxonomic classification used has been the one provided by the different gene banks. The major part of the accessions were provided by the COMAV genebank and in this case the classification present in the passport data were based on morphological characterization that took into account several characters taken from the Capsicum ssp. descriptors provided by IPGRI (The International Plant Genetic Resources Institute 1995), such as corolla spot colour, corolla shape and color, flower position, anther colour, calyx margin, calyx annular constriction, etc.
Molecular marker analysis
For each accession, genomic DNA was isolated from young leaves of one plant using the CTAB method (Doyle and Doyle 1990) . To avoid the possible effect on genetic diversity estimates caused by the use of multiple close relatives, only one plant from each accession was molecularly analyzed. DNA qualities were evaluated on agarose gels, and DNA concentrations were determined spectrophotometrically using an ND-1000 instrument (Thermo Fisher Scientific, Wilmington, North Carolina, USA). Finally, DNA was stored at -20°C until used.
AFLPs were performed following the procedure described by Nuez et al. (2004) . The restriction enzymes EcoRI and Tru9I were used for digestion, and selective amplification employed three selective nucleotides at their 3' ends on each primer. Four selective combinations of primers were used: EcoRIPet ? AGG and Mse ? CCG; EcoRI-Ned ? ACG and Mse ? CTA; EcoRI-Vic ? ACC and Mse ? CTA; and EcoRI-Fam ? ACT and Mse ? CTC. DNA fragments were separated in an ABI PRISM 3100 Avant Genetic Analyzer (Applied Biosystems, Woolston, UK).
All plants were screened for variation at ten polymorphic microsatellite loci (CAMS-117, CAMS-122, CAMS-336, CAMS-398, CAMS-405, CAMS-606, CAMS-644, EPMS-725, EPMS-747 and EPMS-755) (Minamiyama et al. 2006; Portis et al. 2007 ).
PCR reactions were performed according to the procedure reported by each of these authors and products were separated using an ABI PRISM 3100 Avant Genetic Analyzer.
Genetic analysis
The AFLP fragments of all accessions were scored for presence or absence with the Genographer software (v 2.1.4) (Benham et al. 1999) in order to build a binary matrix. A neighbor-joining tree was built with a Dice similarity matrix and branch support was assessed by using 100 bootstrapped data matrices. The allele lengths for the SSRs were determined using GeneMapper v3.7 software (Applied Biosystems, Woolston, UK). An SSR neighbor-joining tree (100 bootstrapped) was constructed with a matrix of genetic Dc distances (Cavalli-Sforza and Edwards 1967) using the Populations software v.1.2.28 (Langella 2002) .
The Pearson correlation coefficient between the distance matrix of AFLPs, SSRs and geographic distances was calculated for each species using homemade Python scripts. In order to visualize the genetic relationships among the geographic regions, PCoAs (principal coordinate analyses) were built for each domesticated species. The percentage of polymorphism (P) was calculated for each analyzed species and geographic group. The subsamples were prepared taking random individuals and all of them had 10 individuals. These analyses were carried out using homemade scripts based on R software (v.2.6.0) (R Development Core Team 2007), available upon request. Using the Genetix software (v.4.05) (Belkhir et al. 1996) , we calculated the mean (for 100 bootstrappped) of the following standard genetic parameters for each species and geographic group: mean number of alleles per locus (A) and observed heterozygosity (Ho).
Results
Molecular characterization
The four AFLP primer combinations produced 544 polymorphic fragments, distributed between 62 and 310 bp. A marker was considered polymorphic at the 5% level. The percentage of polymorphic bands for C. annuum was 37.1%, C. chinense 44.7%, C. frutescens 43.0%, C. baccatum 42.5% and C. pubescens 46.7%.
An average of 14.5 SSR alleles per locus were found in these species, ranging from 5 to 24 in the ten analyzed microsatellites. Certain alleles were specific to different geographic groups in several loci. For instance, CAMS-336 SSR showed two C. baccatum alleles specific to Bolivia and two C. chinense alleles specific to Ecuador. Other microsatellites were fixed within species, such as CAMS-398 to C. baccatum and C. pubescens and EPMS-755 to C. frutescens.
Relationships among species
An accession-based tree was created using the AFLP data. The phenogram showed nine main clusters that corresponded to the different analyzed species (Fig. 1 ). All accessions were neatly grouped into clusters that corresponded to their morphological classification. The AFLP data showed that C. chinense and C. frutescens are sister species, as all their accessions were in a cluster supported by a 97% bootstrap value, and a short distance was identified between the two. Inside this cluster, these two species could be discerned by high bootstrap values. C. annuum accessions were found in a single cluster located close to C. chinense and C. frutescens. According to this AFLP data, C. baccatum and C. praetermissum clustered tightly together with high bootstrap support (98%). C. baccatum accessions were in a cluster supported by a 100% bootstrap value. The results of these analyses also showed that the accessions of the wild species C. eximium and C. cardenasii were clustered together with a bootstrap value of 100%. These sister species were grouped closely to C. pubescens accessions under an 85% bootstrap-supported node. Remarkably, C. chacoense and C. tovarii wild species seemed not to be related to any complex, C. chacoense is grouped with to the C. baccatum complex with a 66% bootstrap value and C. tovarii is with C. annuum complex with a 55%. The species of the C. annuum complex were clearly separated from the rest of the Capsicum accessions with a bootstrap value of 72%.
The dendrogram produced from the SSRs was similar to the one generated with the AFLP data (data not shown). All Capsicum accessions were perfectly grouped in different Capsicum species by SSR analysis. The main difference was the lack of good bootstrap support in the microsatellite tree.
Genetic variation of domesticated species
Several diversity indexes were calculated (Table 1) , which showed that the levels of polymorphism are very similar in all domesticated Capsicum species. Overall, C. annuum and C. chinense are somewhat more variable than other Capsicum species according to the mean number of alleles per locus (A) (4.3 and 3.6, respectively). This is not the case, however, if the proportion of polymorphic loci (P) is taken into account. In this case, C. pubescens is the most polymorphic species (35.3%), but no striking differences were detected among the values. Remarkably, C. baccatum showed the highest observed heterozygosity (0.10) even through the mean number of alleles per locus was the lowest (2.4). C. chinense and C. frutescens were characterized by the lowest observed heterozygosities, 0.03 and 0.04, respectively. PCoAs with SSR data were built for each domesticated species to visualize the genetic relationship among the geographic regions (Fig. 2) . The C. baccatum accessions were grouped according to their geographic region of collection. The first coordinate, which accounted for 30.1% of the total variation, clearly differenced the Bolivian accessions from the Ecuadorian-Peruvian accessions. The C. pubescens accessions were also separated according to collection country. Two clear genetic clusters were differentiated, one corresponding to the Bolivian accessions and the other to the EcuadorianPeruvian accessions. The first two dimensions accounted for 40.4% of the C. annuum variation, but the accessions were only slightly grouped according to their geographic region of collection, and were not separated by clear limits. No geographic cluster was identified in the C. frutescens accessions, perhaps because few accessions from Peru and Bolivia were analyzed. In the PCoA with all the C. chinense accessions, the second coordinate explained 15.0% of the variation and separated the Peruvian accessions from the rest of the accessions. No separation related to collection region was formed from the first coordinate, which accounted for 28.5% of the C. chinense variation. Various factors may have affected this result, like the relatedness between C. chinense and C. frutescens. Therefore a new PCoA was performed with all of the accessions of these sister species in order to study this relationship (data not shown). The first coordinate clearly differentiated the C. chinense accessions from C. frutescens. This PCoA confirmed the cluster analysis; C. chinense and C. frutescens accessions form two non-overlaping groups, although several accessions are located in the PCoA between both groups. To confirm this microsatellite based result, another PCoA was done with the AFLP data of C. chinense and C. frutescens (Online resource 2). It is likely that these species of the C. annuum complex cross readily as in this analysis also some accessions were also identified between both species in this new PCoA. Moreover, in the AFLP-based tree, these accessions were grouped in the farthest nodes of each species. Similar levels of genetic differentiation among countries were also detected for C. chinense, C. baccatum and C. pubescens in the AFLP-based tree and PCoAs carried out with the AFLP genetic data (data not shown).
The regional differentiation showed by the PCoA analyses was also detected by a correlation analysis carried out between the genetic and geographic distances. Pearson correlation coefficients using the SSR data were only significant for C. baccatum (r = 0.44) and C. pubescens (r = 0.54). Nevertheless, the values calculated using the AFLP data were lower, C. baccatum (r = 0.12) and C. pubescens (r = 0.24).
STRUCTURE software was used to check whether the accessions of C. annuum, C. chinense, C. frutescens, C. baccatum and C. pubescens are differentiated by regional classification. Only a classification among countries similar to the PCoAs was found for C. chinense, C. baccatum and C. pubescens (data not shown). A morphological analysis with local characterization data was done with the regional differentiated accessions but not clear differential characters were identified.
The percentage of polymorphism, observed heterozygosity and mean number of alleles per locus were calculated for each geographic group of C. chinense and C. baccatum. No data was obtained for C. annuum, C. frutescens and C. pubescens because they did not have enough accessions per country (Online resource 3). The total genetic diversity was the same in the different analyzed countries for C. chinense and C. baccatum as no marked differences were detected. The level of polymorphism according to the proportion of polymorphic loci was approximately 36.0% for each analyzed country for C. chinense and 33.5% for C. baccatum. Another indication of the diversity are the exclusive SSR alleles which identified at least 10% of the accessions of each country. C. baccatum had three exclusive alleles in Bolivia that were not identified in any other countries. C. chinense had three exclusive alleles identified in Ecuador and two in Peru, while C. pubescens had three in Bolivia and two in Ecuador.
Discussion
The presented molecular characterization of C. annuum, C. chinense, C. frutescens, C. pubescens and C. baccatum has provided a complete study on the genetic relationships of these species. This study is the first to consider the genetic diversity by molecular characterization for domesticated Capsicum species from Bolivia, Ecuador and Peru, as in previous studies these countries received little attention.
Relationships among species
The genetic relationships among domesticated Capsicum species confirmed the ones previously published (Eshbaugh 1976; McLeod et al. 1982; Walsh and Hoot 2001) . The data clearly showed the close relationships between C. chinense and C. frutescens. These species of the C. annuum complex clustered together under a node supported by a 97% bootstrap value in the AFLP tree and showed a short distance.
Although the morphological separation of these two species is difficult they form two clear independent clades. When PCoAs were done with SSR and AFLP data of C. chinense and C. frutescens accessions, a group of accessions common to both species was found. They might be hybrids, gene flow could be occurring as these species live together in the lower Andean land region and interspecific crosses are highly viable (Pickersgill 1971; Walsh and Hoot 2001; Guzman et al. 2005 ). Although C. chinense and C. frutescens were grouped together, AFLP data were sufficient to differentiate the individual members of these species under nodes supported by high bootstrap values. In our molecular analysis, the accessions of C. pubescens, C. cardenasii and C. eximium were positioned in the C. pubescens group. The close relationships among the purple-flower species was supported by crossing experiments (Pickersgill 1991) , but other studies revealed an unclear relationship among these species (Walsh and Hoot 2001; Moscone et al. 2003) . In the study of Ince et al. (2010) , C. eximium was placed between C. pubescens and C. cardenasii. C. eximium and C. cardenasii are morphological distinct, but they form natural hybrids that are more fertile than some crosses between varieties of the same species (Eshbaugh 1976; McLeod et al. 1979b ). In our analysis, these two wild species were indistinguishable from each other using molecular data, as they were clustered together, as was also previously reported (Choong 1998; Ryzhova and Kochieva 2004) . This result supports the definition of C. eximium and C. cardenasii as a single, morphologically variable species that belongs to the C. pubescens complex.
The accessions of C. baccatum and C. praetermissum were present in a compact group clearly segregated from the rest of the species. C. praetermissum is sometimes listed as a variety of C. baccatum, but our data showed it to be a distinct species (Bosland and Votava 2000) that paired tightly together (98% bootstrap).
In the present work, AFLP fingerprinting indicated that C. chacoense was placed close to C. baccatum, although with a low bootstrap value. Other studies resolved C. chacoense as the sister species to the C. annuum complex (Tam et al. 2009; Ince et al. 2010) . According to DNA sequencing data, Walsh and Hoot (2001) reported a clear relationship between C. chacoense and the C. baccatum complex. C. chacoense can successfully cross with C. annuum and the C. baccatum complex (Pickersgill 1991) . The results of the present analysis favor the definition of C. chacoense as a sister species to C. baccatum and within the C. baccatum complex although with a low bootstrap value. Tong and Bosland (1999) indicated that C. tovarii is genetically more closely related to the C. baccatum complex than to the other Capsicum complexes, as successful hybridizations were obtained. Ince et al. (2010) also grouped C. tovarii with the C. baccatum clade. In contrast to this definition, the results of the present study indicate that C. tovarii is not a clear member of the different Capsicum complexes, though it appeared slightly closer to the C. annuum complex, although the bootstrap values are low and this relationship should be clarified in future studies. Several studies support C. tovarii as being genetically different from all other species of Capsicum genus (McLeod et al. 1983; Choong 1998) , while Onus and Pickersgill (2004) confirmed that C. tovarii is bilaterally compatible with all species outside the C. pubescens complex, showing unilateral incompatibility with these species. Moscone et al. (2007) indicated that the position of C. tovarii has not yet been clarified.
The analysis of relationships among species of Capsicum genus will be useful for breeding new cultivars or hybrids for desirable traits (fruit quality, disease resistance, earliness, yield, stress tolerance and plant morphology) (Crosby 2008) . In terms of pepper breeding, C. annuum is crossable with the other cultivated species by different methods (Zijlstra et al. 1991; Yoon et al. 2006) . Therefore, all these species are a natural gene pool for the genetic breeding of C. annuum.
Genetic variation of domesticated species
Our molecular characterization has provided a study on the genetic diversity of domesticated Capsicum species from the Andean region. The results showed that these species have the same level of polymorphism, according to the proportion of polymorphic loci. Interestingly, C. pubescens showed 35.3% polymorphic loci, although DeWitt and Bosland (1996) reported that it has a narrow genetic diversity as a consequence of a founder effect during its domestication. On the other hand, C. baccatum has been described as a diverse species with many varietal types (DeWitt and Bosland 1996) . Our results support C. pubescens and C. baccatum as having the same genetic diversity C. annuum and C. chinense were more variable than other Capsicum species according to the mean number of alleles per locus. This could be due to the fact that the ten polymorphic microsatellite loci used were selected for their high polymorphism in C. annuum (Minamiyama et al. 2006; Portis et al. 2007) .
The heterozygosity values obtained were quite low in all species, reinforcing the idea that these domesticated species are extremely autogamous. Unlike other members of the Solanaceae family, in Capsicum genus only the wild species C. cardenasii is selfincompatible (Onus and Pickersgill 2004) . Therefore, the low heterozygosities could be caused by the low cross-pollination rates due to the tendency toward selfpollination in Capsicum cultivated species (Eshbaugh 1976) . Interestingly, C. baccatum and C. pubescens showed a higher Ho, although they also had low mean numbers of alleles per locus. This could suggest that these two species are more alogamous than the others. In spite of these low heterozygosities, the study of the relationships among cultivated species and their related wild species indicated that C. annuum, C. chinense, C. frutescens, C. baccatum and C. pubescens can cross with other species. This could explain why several classified accessions, such as C. annuum, C. chinense, C. frutescens, C. baccatum and C. pubescens, showed high genetic distances from the rest of the accessions of each species in the AFLPbased tree. Some were identified as hybrid plants between C. chinense and C. frutescens, but others could be hybrid plants with some of the studied species, with the 17 Capsicum wild species not included in this work or with their wild relatives.
Regional differentiation and geographic group characterization
The SSR data indicated that there is intraspecific differentiation in the species C. chinense, C. baccatum and C. pubescens, as the PCoA-based clustering showed a clear geographic division that is not related with their cultivar types. The geographic patterns of genetic differentiation in C. baccatum were more important than the cultivar types of the cultivated form, C. baccatum var. pendulum, which are quite diverse in size, color and shape fruit (DeWitt and Bosland 1996) . The PCoA grouped, on the one hand, the Bolivian C. baccatum accessions and, on the other hand, the Peruvian-Ecuadorian accessions, whereas no cluster was identified for the accession group of var. pendulum. Bolivian accessions of C. pubescens were clearly differentiated from the EcuadorianPeruvian accessions. In the C. chinense accessions, a genetic cluster that corresponded to the Peruvian accessions was differentiated. Another indication of the geographic differentiation were the three exclusive SSR alleles found in Bolivia for C. baccatum, the three in Bolivia and the two in Ecuador for C. pubescens and, in the case of C. chinense, the three exclusive alleles identified in Ecuador and the other two in Peru. Therefore, like many other Solanaceae species, the genetic structure correlates with a geographical differentiation (Bornet et al. 2002; Zuriaga et al. 2009b; Sifres et al. 2010) .
Previously, Loaiza-Figueroa et al. (1989) correlated genetic differentiation with geographic isolation in wild, semidomesticated and domesticated populations of C. annuum in Mexico. Unlike other crops, such as maize (Louette et al. 1997) , Aguilar-Melendez et al. (2009) also found in Mexico that the seed exchange of semidomesticated and domesticated chilies (C. annuum) by farmers does not greatly impact genetic diversity across a broad-scale geographic range. No work has identified any geographic differentiation in other countries or Capsicum species. Capsicum fruits are used in a variety of dishes of local culinary traditions, which is diverse among regions and sometimes unique for each region of Brazil (Sudre et al. 2010) . It is possible that in Bolivia, Ecuador and Peru, the use of the fruits of these species for self-consumption is related to cultural aspects or consumer preferences that, due to continuous selection, has resulted in the genetic differentiation observed in each studied country. Moreover, the seed exchange of C. chinense, C. baccatum and C. pubescens does not appear to be considerable nor common among the studied countries, which should not have reduced the genetic differences. It is of note that C. baccatum and C. pubescens are cultivated in isolated mountainous regions, where access is more complicated, making seed exchange more difficult.
In the present study, the C. annuum accessions were not separated geographically by clear limits. Most of the Capsicum accessions were collected from home gardens by several collection expeditions in recent decades organized by the Instituto de Conservación y Mejora de la Agrodiversidad Valenciana (COMAV). Nevertheless, most of the C. annuum domesticated forms were collected from commercial crops or markets. It is possible that the use and movement of commercial cultivars from one environment to another to replace local cultivars that can be susceptible to diseases could make the grouping of C. annuum accessions by country difficult.
When the STRUCTURE software was used in the Capsicum accessions, in C. chinense, C. baccatum and C. pubescens a differentiation among countries was identified similar to that of the PCoAs carried out with the AFLP or SSR genetic data. It is interesting to note that the Pearson correlation coefficients calculated between molecular and geographic data showed that the SSRs allowed a better geographic classification. It is possible that microsatellites allow a better detection of recent differentiation (Li et al. 2004 ). On the other hand, in the present study, the AFLP tree turned out to be more informative than SSR with regards to relationships among species, as it had better bootstrap support.
This study is the first to consider the genetic diversity by molecular characterization for C. annuum, C. chinense, C. frutescens, C. pubescens and C. baccatum from Bolivia, Ecuador and Peru. Bolivia is an important center of diversity for Capsicum genus, as south-central Bolivia is the nuclear area from which a migration into the Andes and lowland Amazonia was accompanied (McLeod et al. 1982) . In this study, it is interesting to note that Ecuador and Peru have a high and similar diversity to Bolivia for those Capsicum species that were sufficiently represented, C. chinense and C. baccatum, although to confirm these observations more accessions should be analyzed. Ecuador and Peru are a potential gene source of traits of interest that may be employed in the use and preservation of Capsicum germplasm. Most of the accessions were collected from home gardens, which shows that they are an important option for conservation of genetic resources because of their genetic diversity (Guzman et al. 2005) . It is necessary to implement strategies to gather and conserve Capsicum germplasm from South America, as it is necessary to study its characteristics, distribution and diversity. This will allow us to maximize the usefulness of genebank collections, using different techniques for plant breeding of Capsicum spp.
